Abstract Apolipoprotein E (APOE) ε4 allele and education have been reported to affect the cognitive function in young-old adults. However, the effects and interactions of the ε4 allele and education on cognitive function in very old age, particularly in centenarians, are not well known. We studied 542 Japanese centenarians. Using the data in total of 452 participants (74 men and 378 women, mean age 103.6 ± 3.2 years) who were genotyped and assessed cognitive function with the Mini-Mental States Examination (MMSE), we examined the effects and interactions of the ε4 allele and education on the MMSE score. First, we coded education as three levels: low, middle, and high based on the formal educational levels (analysis 1). Second, to clarify the modifying effect of education, we adopted a new coding for education into two levels, considering a periodical background (around 1900) of gender differences in educational attainments (analysis 2). In analysis 1, the main effects of the ε4 allele and education on the MMSE score were significant after adjusting for age. Further, there was a significant three-way interaction effect between the ε4 allele, education, and gender on the MMSE. Analysis 2 showed that the modifying effect of the ε4 allele by education was observed only in women with the ε4 allele. These findings suggest that both the APOE ε4 allele and education appear to be associated with cognitive function even in centenarians, but the interaction between the ε4 allele and education might depend on gender in this cohort.
) and higher memory complaints (Dik et al. 2001 ) across the adult life span.
However, whether APOE ε4 has an effect on the cognitive function in very old age, such as centenarians, is still controversial. While there was a significant negative association between the ε4 allele and cognitive function among 103 Korean centenarians (Choi et al. 2003) , this finding was not observed in 179 Finnish (Sobel et al. 1995) and 33 Japanese centenarians (Asada et al. 1996) .
A small sample size would yield such inconsistent results of the APOE ε4's effect on cognitive function among centenarians. Garatachea et al. (2015) reported that carriage of the ε4 allele was negatively associated with the likelihood of reaching 100+ years old. Thus, the survival effect for individuals with the ε4 allele might hamper the evaluation of the effect of the APOE on cognitive function among centenarians. Using larger data from 904 participants aged 90 and over, Corrada et al. (2013) showed that the APOE ε4 was significantly associated with dementia prevalence among them adjusting for age and gender but was not related to incident dementia and mortality. Thus, large sample data must be collected to examine whether being an APOE ε4 allele carrier would be the risk for cognitive impairment among centenarians.
Also, there might be other factors that modified the effect of the APOE ε4 on cognitive function in late life. The role of gene-environment interactions for cognitive function in older adults has gained interest (Zeng et al. 2011) . Educational attainment has been recognized as one of representative environmental factors that influences cognitive function in late life (Evans et al. 1993; White et al. 1994 ). As it is indicated the association between educational attainment and intelligence, the heritability of educational attainment has been shown around 20 % by genome-wide association studies (Rietveld, Medland, Derringer, et al., 2013) ; however, educational attainment is strongly influenced by environmental factors. Wang et al. (2012) reported the modifying effect of education on the association between the APOE ε4 and dementia among 3436 participants aged 65 and over. The finding suggested that higher education during childhood might work to protect the negative effect of the ε4 allele on dementia in late life. As one possible mechanism, they mentioned the cognitive reserve hypothesis, which proposed highly intellectual environments, such as education and other life experiences might allow people to cope better with the brain pathology than others (Stern 2009) . In some centenarian studies, positive associations of higher education with cognitive function were observed (Kliegel et al. 2004; Li et al. 2010) . Considering early-life education is needed to clarify the effect of APOE ε4 on cognitive function even in very late life.
The interaction effect of APOE ε4 and education would be contingent upon gender because men centenarian showed higher level in both cognitive function and educational attainment in comparison to women centenarian as reported from Tokyo Centenarian Study (Gondo et al. 2006) . For that proposition, we examine the effects of the APOE ε4, education, and their interactions on cognitive function among centenarians, using a large sample of Japanese centenarian data. In addition, we test whether the ε4 allele's effect on cognitive function by education could depend on gender. First, we use educational attainment as it is and coded into three levels according to school enrollment (analysis 1). Second, to make clear the effect of education, we coded education into two levels. We classified secondary school attainment into high level for men and into low level for women (analysis 2). This coding was adopted to consider the social circumstances. In the early 1900s in Japan, higher educational attainment in women had been not accepted by the conservative social circumstances.
Methods

Study sample
Participants were derived from two centenarian cohorts: the Tokyo Centenarian Study (TCS; n = 244, aged 100 years and older) and the Japanese Semisupercentenarians Study (JSS; n = 208, mainly aged 105 years and older). We performed the statistical analyses in a total of 452 (74 men and 378 women) participants for whom all necessary information was collected (Fig. 1) .
The TCS (n = 244, aged 100 years and older) was conducted between July 2000 and May 2002 (Gondo et al. 2006) . We randomly selected centenarians from the residential list of the 23 wards of metropolitan Tokyo and sent a mail inviting 1741 people to participate, of whom 1194 responded. Of the 304 participants in the visit survey, 60 persons had missing data on cognitive performance, genotypes, and education, leaving 244 participants for the analyses.
The JSS (n = 208, mainly aged 105 years and older) was a nationwide longitudinal survey started in 2002 (Arai et al. 2014) . We used the data from the first to third phases. In the first phase, participants were selected from a cohort of individuals aged ≥105 years in Japan. Among the participants that had been included in the 2002 version of the oldest-old list (N = 846), which is published every September by the Ministry of Health, Welfare, and Labor. Of the 190 who agreed to participate, 144 participated in the visit survey. In the second phase, because the oldest-old list was discontinued in 2002, we recruited new participants during 2003-2008 using the following ways: (a) recruiting participants in the TCS, (b) finding names in the Basic Resident Registers in the 23 wards of Tokyo, or (c) locating names when the names and part of addresses were published in a newspaper or other media. Of the 97 who agreed to participate, 77 participated in the visit survey. In the third phase, we recruited another participants during 2008-2009 using two ways: (a) requesting that the 5907 nursing homes in the entire country, except Okinawa, or (b) locating names when the names and part of addresses were published in a newspaper or other media. Of the 78 who agreed to participate, 73 participated in the visit survey. Out of 294, 56 people were also included in the both centenarian studies' visit survey. Their data collected at the TCS were included in this study. Out of 238 participants only in the JSS visit survey, 30 persons had missing data on cognitive performance, genotypes, and education, including 208 participants for the current study.
For participation in any of the studies, written informed consent was obtained either from the participants or by proxy when individuals lacked the capacity to consent. TCS and JSS were approved by the Ethical Committee of the Keio University School of Medicine and Tokyo Metropolitan Institute of Gerontology. In the TCS, APOE genotypes (rs429358 and rs7412) were determined by polymerase chain reaction (PCR)-restriction fragment length polymorphism (RFLP), as previously described (Hirose et al. 1997 ). In the JSS, total DNA was isolated from venous blood by the use of QIAamp DNA Blood Maxi Kit (QIAGEN, Hilden, Germany). Genotyping was performed by pre-designed TaqMan® SNP genotyping assays [IDs: C___3084793_20 for Cys112Arg (rs429358) and C____904973_10 for Arg158Cys (rs7412)] (Applied Biosystems, Foster City, CA, USA). All samples were run in a StepOnePlus™ Real-Time PCR System (Applied Biosystems). A total of 5 ml genotyping mixture contained 2.5 ml GTXpress™ master mix, 0.125 ml assay mix (40×), and1.375 ml distilled water to mix with 1 ml genomic DNA (10 ng/ml) in each reaction. One or two negative controls were included on each plate. TaqMan® SNP Genotyping Assays for genotype calls were analyzed by using StepOne™ Software v2.1 (Applied Biosystems).
We used a dichotomous classification for participants as either ε4 allele carriers or noncarriers in this analysis; previous research examining the relationship between APOE and cognitive function suggested that the presence of either one or two APOE ε4 alleles could influence the risk of cognitive function in old age (Seeman et al. 2005; Tang et al. 1998) . Among the visit survey participants, we successfully collected sufficient blood samples to analyze the APOE genotype. Because of disagreement or health issues, we were unable to collect blood samples from the rest of participants.
Education
First, participants were divided into three groups according to school enrollment (analysis 1): low level (people who did not enter school up to primary school), middle level (people who attended secondary school), and high level (people who attended high school and more). Second, we coded secondary school attainment as different levels according to gender (analysis 2). Participants who attended secondary school were included into high level for men and into low level for women.
Cognitive function
We administrated the Mini-Mental State Examination (MMSE) (Folstein et al. 1975 ) to assess cognitive function on all visit survey participants at the locations where the centenarians resided at the time of the visit survey. In some cases, the participants could not complete the MMSE. We scored the participants who were "bedridden and unable to give a response" and "inability to follow instructions" as MMSE 0.
Statistical analyses
The chi-squared test was performed to compare the frequency distribution of APOE ε4 carriers between education and gender. Second, we conducted the Hayes PROCESS macro (model 3) for a moderated moderation analysis (Hayes 2013) , which is better known as threeway interaction based on ordinary least squares regression model, because the interaction effects between the ε4 allele and education might depend on gender. The model included age as a potential confounder, the ε4 allele, education, and interactions (APOE ε4 by gender, education by gender, APOE ε4 by education, and APOE ε4 by education by gender). As for education, we examined the effect of education with three levels both in gender (analysis 1) and with a different coding according to gender (analysis 2). Statistical significance was set at p < 0.05, and two-sided tests were applied. All analyses were performed using IBM SPSS19.0-J. software (IBM, Tokyo, Japan). Table 1 lists the characteristics of the participants in this study. About 83.6 % were women. The age of the participants ranged from 100 to 115 years old, and the average age (SD) was 103.6 (3.2) years old. Approximately 15.9 % had a high educational level, and men had higher percentage of high education level than the women (40.5 and 11.1 %, respectively; χ 2 = 43.45, p < 0.001). The APOE ε4 carrier was similarly distributed among the educational levels (8.4, 9.8, and 11.1 %, respectively, for the low, the middle, and the high educational level; χ 2 = 0.58, p = 0.75) and gender (4.1 and 10.1 %, respectively, for men and women; χ 2 = 2.70, p = 0.10). In analysis 1, moderated moderation analysis was performed with the MMSE score as a dependent variable and the APOE ε4 allele, education, gender, and three interactions as independent variables. The result is shown in Table 2 . The data showed that main effects of the carriage of the ε4 allele and education on the MMSE score were significant (B = −4.27, SE = 1.37, t = −3.12, p < 0.01 and B = 1.21, SE = 0.52, t = 2.35, p < 0.05), indicating higher MMSE score in the APOE ε4 noncarriers and in the higher education. In addition, there was a statistically significant three-way interaction between the APOE ε4 allele, education, and gender (B = 12.76, SE = 5.63, t = 2.27, p < 0.05). The conditional effect of the APOE ε4 by the education interaction was marginally significant only among men (p < 0.05).
Results 1
Analysis 2 also showed that main effects of the APOE ε4 allele and education and three-way interaction between the APOE ε4 allele, education, and gender were significant (Table 3 ). The conditional effects of the APOE ε4 by the education interaction were significant in both gender. For men, there was a significant simple effect of the ε4 allele only in the high educational group, indicating that a ε4 carrier had a lower MMSE score than noncarrier. For women, a ε4 carrier showed a lower MMSE score than noncarrier in the lower educational group; on the other hand, the MMSE score for those with high education levels showed no difference b e t w e e n t h e ε 4 c a r r i e r s a n d n o n c a r r i e r s . Figure 2 illustrates the graphical illustrations of the estimated MMSE scores shown separately for gender and the educational groups in those with and without the ε4 allele. Note: The variables, APOE, gender, and education were mean-centered prior to analysis. Gender: man = 1, woman = 2; APOE ε4 allele: the ε4 noncarriers = 0, the ε4 carriers = 1; education: low = 1, middle = 2, high = 3 The variables, APOE, gender, and education were mean-centered prior to analysis. Gender: man = 1, woman = 2; APOE ε4 allele: the ε4 noncarriers = 0, the ε4 carriers = 1; education: low = 1, high = 2
Discussion
Using a large centenarian data, we examined the effect of the APOE ε4, education, and their interactions on cognitive function. The effects of the APOE ε4 and education were significant even among centenarians as same as among young-old adults. Further, three-way interaction (the APOE ε4, education, and gender) was statistically significant. The results indicated that the effects of both APOE and education were consistent throughout long life, even for the individuals who lived 100 years. In addition, our results suggest that the interaction between the APOE ε4 allele and education on cognition is dependent on gender in this cohort. When we coded education based on the formal educational levels, there was a significant effect of education on cognitive function (analysis 1). It suggests that higher education may contribute to the development of brain function at a young age and retard cognitive impairment in the oldest-old adults (Deary et al. 2007 ). However, there were gender differences in interaction between APOE and education. When we considered a periodical background of educational attainment, gender differences in the association between gene and education were clearly shown (analysis 2). The results showed that the ε4 carrier men had a lower MMSE score than noncarrier in the higher educational group. On the other hand, the MMSE score for women with high education levels showed no difference between the ε4 carriers and noncarriers. Therefore, the results indicated that education might buffer the effect of the ε4 allele on cognitive function only among women centenarians.
With regard to the gender differences in the interaction between gene and education, we can speculate two possible pathways in relation to gender differences in their life courses. One is background to get higher educational attainment. Second are influences of educational attainments during adulthood. In the early twentieth century in Japan, men had gotten higher educational attainment than women. Regardless of intellectual abilities during childhood, women could not attend secondary or high school. Therefore, women centenarians who were the higher educated did not have higher MMSE scores as same as men. This dissociation may suggest that life context after formal education in men are more diversified in centenarians, and higher educational attainment provides more opportunities to live in an enriched and advantageous environment. On the other hand, we assume that life context after formal education in women was not diversified compared to men and depending on spouse socioeconomic status. As a result, the predicted power of education on cognitive function may be lower in women than men who grew up during this era. Life course differences between men and women indicate that it is needed to evaluate gene environment, such as their early-life intellectual abilities, education, occupation of self and spouse, and activities.
Another pathway is the status of the mid-life environment, which also has an influence on cognitive function in later life. There has been evidence to support that Fig. 2 Estimated score of the MMSE as a category of the APOE ε4 carrier and education in men and women. Estimates were based on setting covariates to their sample means. Note Fig. 1 displays estimated MMSE score according to the result from the moderated moderation analysis (analysis 2). There were 33 participants (1 man and 32 women) who were APOE ε4 carrier in the low educational group (dagger). There were 9 participants (2 man and 7 women) who were APOE ε4 carrier in the high educational group (double dagger)
an enriched environment such as an active lifestyle in middle age may directly or indirectly act to prevent or slow cognitive decline in later life (Bosma et al. 2003) . Therefore, the protective effect of education in advanced age may not be as strong as expected.
In our data, there were only three men with the ε4 allele, and only one man with higher education was an APOE ε4 carrier; his MMSE score was 0. One explanation may be that men are more vulnerable to the APOE ε4 allele survival effect than women. The frequency distribution of APOE ε4 carriers between gender was not significantly different, but the P value was 0.10 in the chi-squared test. Future study using a much larger sample of men will examine whether our findings are replicated.
In previous studies on centenarians, effects of the APOE ε4 allele on cognitive function have been inconsistent (Asada et al. 1996; Choi et al. 2003; Sobel et al. 1995) . These inconsistent findings could be attributed to common characteristics of centenarian studies: small sample size, skewed distribution of APOE genotype, and lesser attention of researchers with regard to the effect of life course environment on cognitive function in centenarian study (Hofer and Alwin 2008) . First, the number of participants which analyzed in the previous centenarian studies were small (N = 33, 103, and 179, respectively, Asada et al. 1996; Choi et al. 2003; Sobel et al. 1995) . Second, the APOE gene has been associated with longevity; centenarians tend not to have the APOE ε4 allele (Ewbank 2002; Farrer et al. 1997) . The selective survival effect for APOE ε4-negative individuals makes it difficult to evaluate the effect of APOE on outcomes in very late life population. Third, little attempt has been made to consider the protective effect of education on cognitive function in very old age, although studies have consistently shown a relationship between education and cognitive function in youngerold adults. This distribution of number of participants who have the APOE ε4 allele was skewed as shown in this study; however, all three problems were resolved by using a larger number of participants.
The current study reported the effects of APOE and education and the interaction between APOE, education, and gender; however, there were limitations to this research. Some studies that examined the interaction between APOE and education for cognitive decline found that education could have limited protective power in young-old age. Using a 7-year follow-up period data, Seeman et al. (2005) reported that the presence of the ε4 allele may reduce the effect of education. Moreover, van Gerven et al. (2012) , who followed their study's participants over a period of 12 years, found that older, highly educated carriers of the APOE ε4 allele demonstrated a more pronounced decline than younger, lower educated carriers, and noncarriers. Our findings indicated that there was a protective effect of education on cognitive function at the end of life. We could not follow up and examine how cognitive function may change in individuals. Further studies with APOE, education, socioeconomic status, and the mid-life environment in the oldest-old cohorts are warranted for a better understanding of cognitive aging in the oldest-old and centenarians.
In conclusion, this study examined the interactive effects of APOE and education on cognitive function among centenarians and suggested that the ε4 allele is a life-long risk factor for cognitive impairment. High educational attainment can protect the negative effects of this gene and may create a greater reserve capacity throughout the life span. However, the interaction between APOE and education might depend on gender in this cohort. These findings also suggest that researchers should carefully examine the effects of life environmental situations from early age to late life in parallel to understand the environmental interaction of genes on cognitive function even in the centenarians.
